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ABSTRACT

Telomeres cap the ends of eukaryotic chromosomes
and distinguish them from broken DNA ends to
suppress DNA damage response, cell cycle arrest
and genomic instability. Telomeres are elongated by
telomerase to compensate for incomplete replication
and nuclease degradation and to extend the prolif-
eration potential of germ and stem cells and most
cancers. However, telomeres in somatic cells grad-
ually shorten with age, ultimately leading to cellular
senescence. Hoyeraal-Hreidarsson syndrome (HHS)
is characterized by accelerated telomere shorten-
ing and diverse symptoms including bone marrow
failure, immunodeficiency, and neurodevelopmental
defects. HHS is caused by germline mutations in
telomerase subunits, factors essential for its biogen-
esis and recruitment to telomeres, and in the heli-
case RTEL1. While diverse phenotypes were asso-
ciated with RTEL1 deficiency, the telomeric role of
RTEL1 affected in HHS is yet unknown. Inducible
ectopic expression of wild-type RTEL1 in patient
fibroblasts rescued the cells, enabled telomerase-
dependent telomere elongation and suppressed the
abnormal cellular phenotypes, while silencing its ex-
pression resulted in gradual telomere shortening.
Our observations reveal an essential role of the
RTEL1 C-terminus in facilitating telomerase action at
the telomeric 3’ overhang. Thus, the common etiol-
ogy for HHS is the compromised telomerase action,
resulting in telomere shortening and reduced lifes-
pan of telomerase positive cells.

INTRODUCTION

Telomeres, the protective structures of eukaryotic chromo-
some ends, are composed of short tandem DNA repeats
(TTAGGG in vertebrates) bound by a protein complex
termed shelterin (1). The longer G-rich strand forms a 3’
overhang at the telomere end, which can fold back to invade
the internal part of the telomere and create a displacement
loop termed telomere loop (t-loop). A specialized enzyme
termed telomerase can add telomeric repeats to the 3’ over-
hang to compensate for losses caused by incomplete DNA
replication and degradation. Telomerase is barely expressed
in most human somatic tissues. Consequently, telomeres
gradually shorten with cell division and eventually activate
the canonical DNA damage response (DDR) and cause cell
cycle arrest or cell death. Thus, telomere length controls cel-
lular lifespan and provides a tumor-suppressing mechanism
(2). Indeed, telomerase is activated in most cancers to main-
tain telomere length and enable unlimited cell proliferation.
Paradoxically, however, DDR activation by short or other-
wise dysfunctional telomeres can also activate DNA repair
mechanisms, and thus increase genomic instability, accumu-
lation of mutations and cancer development (2).
Dyskeratosis congenita (DC) and its severe form,
Hoyeraal-Hreidarsson syndrome (HHS), are telomere biol-
ogy diseases (TBD), also termed telomeropathies, caused
by severe telomere shortening (reviewed in (3,4)). DC is
characterized by diverse clinical symptoms mainly in highly
proliferative tissues, such as the hematopoietic system and
epithelial cells. Bone marrow failure is the main cause of
mortality. In addition to the DC symptoms, HHS patients
display immunodeficiency, brain developmental defects and
mortality at an early age (4). HHS-causing mutations were
found in the telomerase reverse transcriptase (TERT), in
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factors essential for the processing, assembly and stability of
the telomerase ribonucleoprotein complex—dyskerin and
PARN, and in the shelterin subunits essential for the recruit-
ment of telomerase—TIN2 and TPP1. The common func-
tion of these proteins in telomerase action, suggests that ac-
celerated telomere shortening is the main cause for the dis-
ease. In addition, germline mutations in the helicase Reg-
ulator of Telomere Elongation 1 (RTEL1) were identified
to cause severe telomere shortening and HHS (5-9), raising
the question whether RTELL is likewise essential for telom-
erase action at telomeres. Indeed, in mouse, mRtell was
found as a dominant factor regulating telomere length and
was suggested to facilitate telomere extension by telomerase
in a yet unknown mechanism (10,11). However, RTELI
was suggested to play multiple additional roles in telom-
eric, as well as non-telomeric, genome stability: It associates
with the replisome through binding to proliferating cell nu-
clear antigen (PCNA) to facilitate both genome-wide and
telomeric replication (12); it is recruited to the telomeres
by TRF1 to resolve G4 quadruplexes and repress telomere
fragility (13); it is recruited to telomeres by TRF2 in S phase
to promote t-loop unwinding (14,15); it stabilizes long G-
overhangs in cells overexpressing telomerase (16); and fa-
cilitates pre-U2 snRNA trafficking between the nucleus and
cytoplasm (17). The observed consequences of RTEL1 defi-
ciency vary dramatically as a function of cell type, differen-
tiation status, telomerase expression and the type and posi-
tion of the RTEL1 mutation. Rte/l =/~ mouse embryos die
between days 10 and 11.5 of gestation, and Rtell~/~ embry-
onic stem (ES) cells show rapid increase in genomic insta-
bility and cell death upon induction of differentiation (11).
Failure to resolve t-loops was found in some cell types defi-
cient for RTELI1, inducing the excision of the t-loops by the
SLX1-SLX4 nuclease complex and generating high levels
of t-circles (15,18). However, elevated levels of t-circles were
not observed in Rtell~/~ ES cells (10), and found only in
few HHS patients with RTEL1 mutations (5,9), but not in
others (7,19,20). In Rtell~/~ mouse embryonic and adult fi-
broblasts, replication fork collapse led to fork reversal that
was suggested to be stabilized by telomerase, preventing
fork resolution and replication restart (21). Based on these
results, telomerase was suggested to play a damaging role
and exacerbate the RTEL1-deficiency phenotype, making
ES cells particularly susceptible to loss of RTELI as they
express high levels of telomerase as compared to differen-
tiated cells (21). The multiple reported roles of RTEL1 and
the various different phenotypes associated with RTEL1 de-
ficiency failed to reveal what is the main telomeric function
of RTELI affected in HHS and how do RTEL1 mutations
cause telomere shortening and TBD.

To address these questions, we employed fibroblast cell
lines derived from two HHS patients carrying different
RTEL1 mutations. The first, patient S2 in (7), had com-
pound heterozygous mutations in RTELI: a nonsense mu-
tation, R974X, and a missense mutation, M492I, located
at the center of the helicase domain where other HHS-
causing mutations were found (22). The second, patient
P5 in (20), had a homozygous V1294F mutation in the C-
terminal RING-finger domain, which is present only in the
long splice variant reported in the databases. These two cell
lines grew poorly in culture, had severely short telomeres

and accumulated various telomeric aberrations and DNA
damage (20,23). Ectopic expression of h"TERT failed to re-
store telomere length maintenance and to rescue the cells
from senescence. However, the ectopic expression of wild-
type (WT) RTELI in addition to hTERT rescued the cells
and suppressed the RTEL1-deficient phenotypes. The use
of an inducible (TET-on) promoter to drive RTEL1 expres-
sion enabled silencing the ectopic RTEL1 expression and
distinguishing the immediate effects of these RTEL1 mu-
tations from phenotypes accumulating over time and sec-
ondary effects possibly caused by the severe stress in the
primary patient cells. Based on these analyses we suggest
that while RTEL1 deficiency causes immediate genome-
wide and telomeric damage, this damage is tolerable by
the cells and it is the gradual shortening of telomeres that
accumulates over time and eventually causes the disease.
While rapid telomere deletion by t-loop excision or telom-
ere breakage may contribute in some cell types with some
RTELI mutations to telomere shortening, the main com-
mon cause for this shortening is the inability of telomerase
to elongate the telomeres in the absence of a functional
RTELL.

MATERIALS AND METHODS
Cell culture

Informed and written consent was obtained from the pa-
tients or their parents (in case of minors). Fibroblasts
derived from HHS-patients were grown in DMEM me-
dia supplemented with 10% fetal bovine serum, penicillin-
streptomycin and 2mM L-glutamine. Twenty percent fetal
bovine serum was used for cells that were growing poorly.
To induce the ectopic expression of RTELI1, the medium
was supplemented with 15 or 30 ng/ml doxycycline (Dox)
for PS5 and S2 cells, respectively, unless indicated otherwise.
To silence its expression, Dox was omitted from the medium
and a certified tetracycline-free fetal bovine serum was used.
Media and media supplements were purchased from Bio-
logical Industries Inc. Beit Haemek, Israel. The rescued S2
cultures shown in Figures 4 and 7, and Supplementary Fig-
ures S1, S3D and S4 were grown for ~60 PDs with Dox
before starting these experiments.

Viral vectors, packaging and transduction

Retroviral vectors pWzl-Myc-hPOT1-Hygro and pLPC-
Flag-TPP1-Puro (24,25) were a gift from Titia de Lange,
Rockefeller University, New York. pBabe-hTERT-GFP
(26) was a gift from Sara Selig, Technion, Haifa, Is-
rael. Lentivector pLOX-TERT-iresTK (27) was a gift
from Didier Trono (Addgene plasmid #12245; http://n2t.
net/addgene:12245; RRID:Addgene_12245). pLenti CMV
rtTA3 Blast (w756-1) was a gift from Eric Campeau
(Addgene plasmid # 26429; http://n2t.net/addgene:26429;
RRID:Addgene_26429). A 3xFLAG tag was added to the
RTEL1 variants by PCR amplification and subcloning of
the N-terminal fragment of RTEL1 into the Agel/SgrAl
sites in the vectors pLU-H4-TRE-RTEL1v1 (1219aa vari-
ant) and pLU-H4-TRE-RTELI1v2 (1300aa variant) gener-
ated previously (7), and then subcloning of the FLAG-
RTEL1 cDNA into a lentivirus vector under TET-inducible
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minimal CMV promotor (pLU-TREmin-puro; a gift of
Paul Lieberman, The Wistar Institute, Philadelphia) to gen-
erate pGG2F and pGG3F, respectively. The vectors were
sequenced to verify the entire 3XFLAG tagged RTEL1 cod-
ing sequence. Lentiviral and retroviral particles were pro-
duced in the laboratory following standard protocols (28).
Fibroblasts were infected twice on consecutive days and
three days later selected with 1pg/ml puromycin, 2 pg/ml
blasticidin, or 300 pwg/ml hygromycin. The medium was re-
placed every two days until selection was completed. The
retroviral vector pBabe-hTERT-GFP was used to infect the
S2 fibroblasts, whereas the Lentiviral vector pLOX-TERT-
iresTK was used to infect the P5 fibroblasts.

Western Blot

Equal amounts of whole-cell extracts in Laemmli buffer
(75mM Tris pH6.8, 2% SDS, 2.5% B-mercaptoethanol,
75 mM DTT, 10% glycerol, Bromophenol blue) were son-
icated and electrophoresed on an 8% (w/v) Tris-glycine gel,
electroblotted onto a nitrocellulose membrane, probed with
the indicated antibodies and visualized by ECL. Antibod-
ies used were: anti-FLAG M2 (A8592) and Anti-GAPDH
(G8795) from Sigma-Aldrich, and anti-B-catenin (610153)
from BD Transduction Laboratories™.

Genomic DNA extraction

Genomic DNA was extracted following a standard pro-
teinase K-phenol extraction, treated with RNAse A,
ethanol precipitated and dissolved in TE.

Southern and in-gel hybridization analyses

Southern blot and in-gel hybridization analyses were done
as described (23) except for the telomeric oligonucleotide
probe, which was (AACCCT);. Genomic DNA was di-
gested with Hinfl and Alul, unless indicated otherwise and
quantified by Qubit fluorometer.

C-circle assay

C-circle assay was performed as described in (29). Briefly,
HinfI-digested genomic DNA samples (10, 30 or 100 ng)
were incubated in 40 wl reaction mix (0.1 mg/ml BSA,
0.05% Tween, 0.5 mM each dATP, dGTP, dTTP, 1x¢29
DNA polymerase buffer, with and without 7.5 U ¢29 DNA
polymerase (NEB) overnight at 30°C. The reaction prod-
ucts were run on 0.6% agarose gel in 0.5x TBE for a total
of 800 V x h, and the gel was dried and hybridized with a
C-rich telomeric probe as above.

T-circle assay

T-circle assay was done following the protocol adapted by
Vannier et al. for detecting human T-circles (18).

Immunofluorescence

Immunofluorescence was done as described (30), with the
following changes. The blocking solution used was 5% BSA
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in 1x PBS. Primary antibodies used were TRF2 (Novus
#NB110-57130), y-H2AX (Millipore Sigma #05-636). Sec-
ondary antibodies were AlexaFluor 594 Donkey anti Rab-
bit IgG (ThermoFisher #A-21207) and AlexaFluor 488
Goat anti Mouse IgG (ThermoFisher #A-11029). Imaging
was performed using a Zeiss LSM 880 with Airyscan micro-
scope or FV-1200 confocal microscope (Olympus, Japan).
ZEN (Zeiss) and NIH ImageJ (http://imagej.nih.gov/ij/)
software programs were used for image analysis and foci
quantification.

Metaphase telomere FISH

Metaphase spreads were prepared as described (30), and
FISH was performed following (31).

qPCR-TRAP assay

Cell pellets were lysed using CHAPS lysis buffer (10 mM
Tris HCI pH 7.5, 1 mM MgCl,, 1| mM EGTA, 0.5%
CHAPS, 10% glycerol) and telomerase activity was an-
alyzed using a real-time PCR-based semi-quantitative
method, as described (16). A duplicated sample that was
heat-inactivated at 85°C for 10 min was used as a control.
The PCR products were electrophoresed in a 15% acry-
lamide gel in 1x TBE for 200 V x h and stained with Gel-
Star™, Lonza Inc.

RNA and DNA FISH

FISH was performed as described (32) with the fol-
lowing changes. Cells were permeabilized in CSK
buffer (10 mM Pipes pH 7, 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl,, 0.5% Triton X-100). Deoxy-
oligonucleotide probes targeting hTR were: hTR 1
(5-Cy5-GCTGACATTTTTTGTTTGCTCTAGAATGA
ACGGTGGAAGGCGGCAGGCCGAGGCTT), hTR 4
(5'-Cy5-CTCCGTTCCTCTTCCTGCGGCCTGAAAG
GCCTGAACCTCGCCCTCGCCCCCGAGAG), hTR 5
(5-Cy5-ATGTGTGAGCCGAGTCCTGGGTGCACG
TCCCACAGCTCAGGGAATCGCGCCGCGCGO),
and the telomere  deoxyoligonucleotide  probe:
(5-TxRd-CCCTAACCCTAACCCTAACCCTAAC
CCTAACCCTAA-3).

Images were collected with an IX-70 microscope (Olym-
pus) and a cooled CCD camera (model CH350; Roper Sci-
entific). Exposure times were the same in duplicated ex-
periments. Image brightness and contrast were adjusted by
Adobe Photoshop and NIH ImageJ (http://imagej.nih.gov/
1j/) for display.

Statistical analyses

Statistical analysis was performed using GraphPad Prism
8.0. Two-tailed Student’s 7-test was used and P-value < 0.05
was considered statistically significant.
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Figure 1. Ectopic expression of TPP1 and hTERT rescued the viability
of S2 fibroblasts but failed to maintain telomere length. Primary fibrob-
lasts of patient S2 (RTEL1m4921/R974x) (7,23) were grown and transduced
with retroviral vectors expressing hTERT and TPP1 or POT1. (A) Growth
curve of the primary S2 fibroblasts showing cumulative population dou-
blings over time and schematic curves for the indicated transduced cells.
(B) Southern analysis showing the telomeric restriction fragments (TRF)
of the S2-hTERT and S2-hTERT-POT1 soon after passing selection, and
S2-hTERT-TPP1 at the indicated PDs. Mean TRF length, measured by
Matelo (49), is indicated below the lanes.

RESULTS

Ectopic expression of hTERT and TPP1 rescued the S2 pa-
tient fibroblasts from early senescence but did not restore
telomere length maintenance

We have previously shown that primary fibroblasts derived
from an HHS patient S2 carrying compound heterozygous
mutations in RTEL1 (RTEL1M492]/R974)() are characterized
by reduced proliferation rate, diminished telomeric 3’ over-
hang and the formation of DNA damage foci at telom-
eres (23). These cells displayed senescence-associated phe-
notypes such as flattened and enlarged cell morphology and
stopped dividing at an early passage. Replicative senescence
of primary fibroblasts from healthy donors and some DC
patients can be prevented by hTERT expression (33,34).
However, initial attempts failed to rescue the S2 patient fi-
broblasts (23) by transduction with an hTERT-expressing
retroviral vector (Figure 1A). The identity of the disease-
causing mutation was unknown at the time, but given the
diminished telomeric overhang observed in the patient cells
we hypothesized that overexpression of TPP1 or POTI,
which bind the telomeric overhang as a heterodimer (1),
might compensate for the compromised function of the
overhang and rescue the cells. TPP1 is crucial for telom-
erase recruitment, activation and telomere length regulation
(35,36) and POT1 binds the telomeric overhang. Indeed, the
ectopic expression of TPP1 (but not POT1) in S2 fibrob-
lasts expressing hTERT (S2-hTERT) prevented their rapid
senescence and allowed them to grow (Figure 1A). How-
ever, their telomeres continued to shorten gradually over 77

population doublings (PDs; Figure 1B; S2-hTERT-TPP1).
The 544 amino-acid TPP1 isoform used at the time (now
termed TPP1-L) was found recently to be rarely expressed,
while a shorter isoform missing 86 amino acids at the N-
terminus (TPP1-S) is the main isoform expressed in human
cells (37). We confirmed the ectopic expression of TPP1-L
in the S2-hTERT cells and found that its mRNA expression
level was comparable to that of the endogenous TPP1 (Sup-
plementary Figure S1), presumably due to selection over
time in culture for clones expressing low levels of TPP1-L, as
observed previously (38). Interestingly, although both iso-
forms recruit telomerase, only TPP1-S can activate telom-
ere addition (37), which may explain why the rescued cells
failed to elongate their telomeres. While we do not under-
stand yet how exactly the ectopic expression of TPP1-L res-
cued the cells, they provided us with an invaluable opportu-
nity to study the RTEL1 function affected by the mutations
in growing cells that are not facing severe stress.

Ectopic expression of RTEL1v2 enabled telomere elongation
in the S2-hTERT-TPP1 fibroblasts

Since the S2-hTERT-TPPI1 cells grew well but failed to
maintain telomere length, this cell line provided an excellent
system to test whether ectopic expression of WT RTELI1
would restore telomere maintenance. We have previously
shown that RTELI1 variant 2 (1300aa) extended the telom-
eres of a lymphoblast cell line (LCL) derived from patient
S2 (7). However, we observed that the relatively high ex-
pression levels of RTEL1 by the histone H4 promoter were
toxic in these cells, and were often selected against and si-
lenced. To solve this problem, we established a TET-on sys-
tem to regulate the expression of the ectopic RTEL1 vari-
ants using two lentivectors, one expressing an N-terminal
3XFLAG-tagged RTEL1 (vl or v2) under six TET re-
sponsive elements and a minimal promoter, and another
vector expressing the reverse tetracycline trans-activator 3
(rtTA3). To test which of the RTELI splice variants can fa-
cilitate telomere elongation in the S2-hTERT-TPP1 fibrob-
lasts, we transduced them with vectors expressing rTTA3
and RTEL1v1 or RTEL1v2 (1219aa and 1300aa, respec-
tively), or an empty vector. Another transcript predicted
to encode for a 1400aa protein referred to as RTEL1v3 in
(7), was later identified as a read-through transcript into the
neighboring TNFRSF6B gene that is likely to be degraded
by the nonsense-mediated mRNA decay (NMD) pathway
(alternative variant RTEL1andTNFRSF6B.aAugl0 in the
AceView database (39)). The addition of the tetracycline
analog doxycycline (Dox) induced the expression of the ec-
topic RTEL1 while its omission silenced it (Figure 2A). As
can be seen in Figure 2C (denatured panel), without ectopic
expression of RTEL1 (indicated by ‘-~ above the lanes) or
upon expression of RTEL1v1, the S2-hTERT-TPP1 exhib-
ited very short telomeres with mean telomeric restriction
fragments (TRF) length below 4 kb. However, RTEL1v2
expression enabled dramatic elongation of telomeres to an
average of 6.1 kb. For simplicity, these S2-hTERT-TPP1-
RTELI1v2 cells will be termed here ‘rescued S2’ cells. In
addition to the overall telomere length, we estimated the
telomeric G-rich 3’ overhang length by first hybridizing the
telomeric C-rich probe to the native DNA in the gel to de-
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Figure 2. Ectopic expression of RTEL1v?2 facilitated telomere elongation in the S2-hTERT-TPP1 fibroblast. (A) Western analysis using anti-FLAG anti-
body to detect FLAG-tagged RTELI in S2-hTERT-TPP1 fibroblast transduced with reverse tetracycline trans-activator (rTTA3) and 3xFLAG-RTELI1v1
(1219aa) or 3xFLAG-RTEL1v2 (1300aa) under the a TET inducible promoter, grown in the absence (—) or presence (+) of 60 ng/ml Dox (+), as indi-
cated. A shorter FLAG-tagged protein, presumably generated by proteolysis or premature translation termination of the full length 3xFLAG-RTELI1v2,
is indicated by asterisk. B-catenin was used as a loading control. (B) An S2-hTERT-TPP1 fibroblast culture expressing RTEL1v2 for 40 PDs (30 ng/ml
Dox) was split and half of the culture continued to grow in the presence of Dox while the other half was grown without Dox. Samples were collected in
the indicated PDs with and without Dox, genomic DNA was prepared and analyzed by denatured in-gel hybridization. (C) Genomic DNA samples of
S2-hTERT-TPPI fibroblasts expressing the indicated RTELI variants (or harboring empty vector) were grown in the presence of 30 ng/ml Dox for the
indicated PDs and analyzed by in-gel hybridization to the native DNA with a C-rich telomeric probe to detect the signal corresponding to single-stranded
telomeric DNA (left panel). After exposure, the DNA was denatured in situ and rehybridized to the same probe to reveal all G-rich telomeric DNA (right
panel). Mean TRF length, measured by Matelo (49), is indicated below the lanes. (D) The averaged length of the 3" overhang was estimated by dividing
the native by the denatured hybridization signals and multiplying by the mean telomere length to correct for the bias in signal intensity due to differences
in telomere length. The values were normalized to the control (empty vector PD 0), which was set as 1.

tect only single-stranded telomeric DNA (Figure 2C, na-
tive panel), and then denaturing and re-hybridizing with the
same probe to reveal the total telomeric DNA signal (dena-
tured panel). The relative native/denatured signal was cor-
rected for the bias in signal due to the different telomere
length and normalized to the cells at PD 0. Telomere elon-
gation upon the ectopic induction of RTEL1v2 was accom-
panied by increased native hybridization signal, presumably

reflecting an overall 1.5-2 fold elongation of the telomeric 3’
overhang compared to the unrescued cultures (Figure 2D).
These observations indicated that RTEL1v2 is needed for
both overhang and telomere elongation in these fibroblasts
(also see next chapter). Interestingly, in the RTEL 1-deficient
S2 cells, telomeres shortened gradually, about 50 bp per PD
over 64 and 16 PDs (Figures 1B and 2B, respectively), as
expected if telomerase action was compromised and unable
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to compensate for telomere shortening. However, we can-
not rule out the possibility that the ectopic expression of
TPPI1-L attenuated the shortening to some degree.

RTEL1v2 and hTERT enabled telomere elongation and res-
cued the PS5 fibroblasts

As described above, the 1300aa RTEL1v2, but not the
1219aa RTELI1vl, fully rescued the S2-hTERT-TPP1 fi-
broblasts and facilitated the elongation of their telomeres
(Figure 2B,C). Since the difference between the variants is
an 8laa alternative exon at the C-terminus, we hypothe-
sized that this exon (or part of it) is essential for telom-
ere elongation. The C-terminus of the protein was reported
to form a metal-coordinating C4C4 RING-finger domain,
which is critical for the interaction with TRF2 and the re-
cruitment of RTELI1 to telomeres to unwind the telomere-
loops (15). To study this domain of the protein more di-
rectly, we obtained cells harboring a homozygous missense
mutation substituting a valine residue in position 1294 to
phenylalanine, derived from patient P5 in (20). These fi-
broblasts were transformed by SV40 large T (SV40LT) anti-
gen to facilitate their growth. Nevertheless, they grew poorly
in culture and reached senescence quickly, even upon ec-
topic expression of hTERT (Figure 3C). However, as seen
in the rescued S2 cells, the ectopic expression of FLAG-
tagged WT RTEL1V2, in addition to hTERT, prevented
senescence of the P5-SV40 fibroblasts and fully restored
their growth, confirming the importance of RTEL1v2 for
cell viability and proliferation (Figure 3B,C). For simplic-
ity, the P5-SV40LT-hTERT-RTEL1v2 cells will be termed
here ‘rescued P5’° cells. Furthermore, telomeres elongated
dramatically within ten PDs of induced WT RTEL1v2 ex-
pression (Figure 3A, D). As was the case with the rescued
S2 cells, turning off the ectopic RTEL1v2 expression by
omitting Dox from the medium resulted in gradual telom-
ere shortening while cell growth did not decline over 60
PDs (Figure 3E, denatured panel; and unpublished data).
These results demonstrated that similarly to the compound
M4921/R974X mutations, the homozygous V1294F muta-
tion in RTEL1 appeared to compromise telomere elonga-
tion by telomerase rather than causing large telomere dele-
tions, which would appear as heterogeneous TRF length.
Ten and 15 PDs after omitting Dox (leading to the si-
lencing of the ectopic RTEL1v2), we observed dramatic de-
cline in the native hybridization signal corresponding to the
single-stranded G-rich telomeric sequences (Figure 3E,F
and Supplementary Figure S2). This decline in the over-
hang signal is consistent with the diminished G-overhangs
observed previously in blood leukocytes, LCLs and pri-
mary fibroblasts carrying the M4921 and/or R974X muta-
tions (7,23), in patient cells carrying other RTEL] muta-
tions (40), and upon RTEL1 knockdown (16). Exol diges-
tion confirmed that the native hybridizations signal corre-
sponds to the single-stranded telomeric 3’-overhang (Sup-
plementary Figure S2C, D). Importantly, upon silencing the
ectopic RTEL1v2 expression, the decline in overhang sig-
nal occurred while telomeres were still long and no appar-
ent effect on cell viability and proliferation was observed.
Thus, the diminished overhang was not a secondary effect
of telomere shortening or genotoxic stress but rather a pri-

mary consequence of RTEL1 dysfunction, suggesting that
RTELI1v2 is essential for the maintenance of the telomeric
3’ overhang.

Telomere-circles are not the main cause for telomere shorten-
ing in the RTEL1-deficient patient cells

RTELI was reported to function in the resolution of t-loops
at S-phase to enable telomere replication (15). Upon the in-
duction of RTEL1 deficiency in mouse embryonic fibrob-
lasts (MEFs), elevated levels of telomere (t)-circles, formed
by SLX4-dependent t-loop excision, were observed by a
phi29 DNA polymerase-based rolling circle amplification
method termed T-circle assay (15,18). However, using two-
dimensional (2D) gel electrophoresis no increase in t-circle
formation was observed in mRtell~/~ mouse ES cells (10).
In humans, elevated levels of t-circles were found by the T-
circle assay in cells from a few HHS patients (5,9), but not
others (19,20). Furthermore, we failed to detect any increase
in t-circle formation by 2D gel electrophoresis in LCLs de-
rived from the S2 patient or the heterozygous parents car-
rying the M4921 and R974X mutations (7). These differ-
ent findings might reflect the different methodology used to
measure t-circles, different functions impaired by different
point mutations or complete knockout of RTELI, or dif-
ferent cell types. First, we compared several methods for
the detection of t-circles in different human control cells
(Supplementary Figure S3). While different conformations
of telomeric circles (e.g. T-circles and C-circles) are often
defined by the methods designed to detect them, here we
define t-circles as any circular telomeric DNA molecule.
We used primary fibroblasts, primary fibroblasts expressing
ectopic hTERT (Fbr-hTERT), LCLs expressing endoge-
nous hTERT, and U20S cells, which employ the alternative
lengthening of telomeres (ALT) pathway to elongate their
telomeres. Human cells expressing telomerase were shown
to generate t-circles as a means of trimming and regulating
their telomere length (41), while ALT cells were shown to
typically generate t-circles with intact C-strand and gapped
or nicked G-strand (termed ‘C-circles’) as part of the re-
combination based mechanism (29). We used the same four
DNA samples in the following assays. The C-circle assay
was designed to detect t-circles with an intact C-strand and
a nicked or gapped G-strand, which provides a 3’ end to
be extended by phi29 DNA polymerase (29) (Supplemen-
tary Figure S3A, bottom). Similarly, the reciprocal G-circle
assay was designed to detect t-circles with an intact G-
and a nicked or gapped C- strands (Supplementary Fig-
ure S3A, top). The T-circle assay can detect t-circles with
an intact C-strand regardless of the G-strand conforma-
tion, because denaturation and annealing of a G-rich telom-
eric primer provides the 3’ end substrate for the polymerase
(18,42) (Supplementary Figure S3C). Finally, the 2D gel
electrophoresis can detect any t-circle and distinguish be-
tween covalently closed and nicked circles, without the need
for amplification (Supplementary Figure S3B). As appar-
ent in Supplementary Figure S3, all methods reliably de-
tected t-circles in U20S ALT cells. However, the lower lev-
els of t-circles in the LCL and Fbr-hTERT, while clearly de-
tected in 30ng samples by the G- or C-circle assays, required
much more DNA (10,000 ng and 1,500 ng for LCL) to be
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Figure 3. RTELI1v2 enabled telomere elongation and rescued the P5- hTERT fibroblasts. (A) PS5 fibroblasts carrying a homozygous mutation in RTEL1
(RTEL1v1294r/v1294F) Were transformed with SV40LT, transduced with hTERT, rTTA3 and 3xFLAG-RTEL1v2 lentivectors and grown for 4 PDs without
Dox to reach cell death, or for 2 PDs without Dox, then 10 PDs with 15ng/ml Dox, followed by the indicated PDs without Dox. (B) Western analysis
showing the expression of 3XFLAG-RTEL1v2 in the presence of Dox and its silencing in the absence of Dox. (C) Growth curves of the fibroblasts growing
with or without Dox. Red "X’ indicates that the culture stopped growing. (D) In-gel hybridization analysis of the cultures grown for 4 PDs without Dox or
10 PDs with Dox, as described in the legend of Figure 2, except that the genomic DNA was cut with HinfI only. (E) In-gel hybridization analysis of genomic
DNA samples prepared from the culture grown for 10 PDs with Dox and then for the indicated PDs without Dox. Note that this gel was electrophoresed
1.5x longer than the gel in (D). (F) Histogram representing the quantified averaged overhang length normalized to the control (PD 10, + Dox).

barely detected by the 2D gel and T-circle assay, respec-
tively, and were not detected at all by 2D gel and T-circle
assay in the Fbr-hTERT sample. We concluded that when
t-circles are formed in these cells, they provide sufficient sub-
strate to be amplified by the C- and G-circle assays, which
were ~100-fold more sensitive than the T-circle assay or
2D gel.

Next, we employed the sensitive C-circle assay to exam-
ine whether t-circle formation was induced upon silencing
of WT RTEL1v2 in the patient cells. We detected high lev-
els of t-circles in the control U20S ALT cells, but not in the
rescued PS5 fibroblasts, whether expressing WT RTEL1v2
or not (Figure 4A and Supplementary Figure S3D). In the
rescued S2 fibroblasts grown without Dox, low levels of t-
circles were detected at PD 10 and the levels increased at
PD 60 (Figure 4A and Supplementary Figure S3D), but
were still significantly lower than in the U20S cells. Since
increased t-circle formation in RTEL1-deficient cells was
shown in other publications only by the T-circle assay, we
repeated the analysis of the rescued S2 and P5 cells with
the same T-circle assay. The results confirmed that only
the rescued S2 (but not P5) cells generated low levels of

t-circles upon silencing of the WT RTEL1v2, and the lev-
els increased at PD 60 without Dox, but were significantly
lower than in U20S (Figure 4B, C). Altogether comparing
various methods for detecting t-circles demonstrated differ-
ences in their sensitivity but all of them were reliable in de-
tecting t-circles. Thus, t-circle formation is inherently vari-
able as a function of cell type, telomerase expression and
specific RTEL1 mutation. Therefore, t-loop excision cannot
explain the telomere shortening observed in all patient cells
and the inability of highly expressed telomerase to compen-
sate for this telomere shortening.

Increased genome-wide and telomeric DNA damage response
upon induced RTEL1-deficiency in the patient cells

The formation of telomere dysfunction-induced foci (TTFs),
typically observed by the formation of y-H2AX foci colo-
calizing with telomeres, is considered a hallmark of telom-
ere dysfunction (43). To investigate the effect of the V1294F
mutation in RTEL1 on DNA damage we quantified the
v-H2AX foci in interphase nuclei, comparing the rescued
P5 cells when expressing WT RTEL1v2 and upon silenc-
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Figure 4. Mild increase in t-circles in the RTEL1-deficient S2 but not in the PS5 fibroblasts. Genomic DNA samples freshly-prepared from the rescued PS5
and S2 cells grown for 10 or 60 PDs, with or without Dox, and from U20S ALT cells (as a positive control), were assayed for telomere circles by the C-circle
assay using 30 ng DNA samples (A), and by the T-circle assay in the indicated amounts of P5 (B) and S2 (C) samples. Note that the gel in the in (B) was

electrophoresed longer than the gel in (C).

ing its expression. The RTEL1-deficient cells, grown 30
PDs without Dox, displayed dramatic increase in the num-
ber of v-H2AX foci (Figure 5A, B). Most of these foci
did not colocalize with TRF2, indicating that they were
not telomeric. While telomeric y-H2AX foci were also in-
duced by the RTELI1 deficiency, they constitute only a
small fraction of all foci (Figure 5A, C). Overall, the re-
sults are consistent with the dual role of RTEL1 in genome-
wide and telomere maintenance, and indicate that upon in-
duction of RTEL1-deficiency, DNA damage occurs mostly
genome-wide and only a minor fraction of the damage
occurs at telomeres. Importantly, the combined telomeric
and non-telomeric damage did not significantly affect the
growth capacity of these rescued cells, which have long
telomeres.

It was reported that RTEL1 deficiency induced replica-
tion fork collapse and reversal, and in the absence of RTEL1
the reversed replication forks were stabilized by telomerase
and recruited PCNA (21). To examine if RTEL1-deficiency
increased the formation of PCNA foci or their association
with telomeres in our patient cells, as observed upon in-
duction of conditional knockout of mRtell in MEFs (21),
we performed immunofluorescence using anti-PCNA and
anti-TRF2 antibodies. No significant increase in the num-
ber of PCNA foci or in their localizing to telomeres were
observed upon silencing of WT RTEL1v2 in the rescued P5
and S2 cells (Supplementary Figure S4). These results indi-
cated that no significant increase in replication fork stalling
or reversal was associated with the RTEL1-deficiency in the
examined patient cells.

Increased telomere aberrations upon induced RTELI-
deficiency in the patient cells

To characterize the nature of telomere aberrations that
might activate DDR, we examined individual telomeres by
FISH performed on metaphase chromosomes of the res-
cued PS5 fibroblasts, comparing the same cells when express-
ing RTEL1v2, and upon silencing its expression (Figure 6).
Immediately upon silencing RTEL1v2 (5 PDs after omitting
Dox from the medium), we observed an increase in telom-
ere fragility, and heterogeneity in the telomere signal inten-
sity (Figure 6A, ii and iii). Repeating the assay after further
growth in the absence of RTEL1v2 (22 PDs) revealed that
only telomeric heterogeneity and loss (Figure 6A, iii and 1)
accumulated with time, consistent with the role of RTEL1
in telomere length maintenance.

In addition to the telomere aberrations, we noticed the
rapid appearance of interstitial telomeric sequences (ITS)
five PDs after omitting Dox (Figure 6A, B). Similar inser-
tions were observed in mRtell~/~ mouse ES cells and sug-
gested to result from aberrant recombination between a bro-
ken internal chromosomal site and a telomere (11). Whether
these insertions are generated by replication fork collapse
and aberrant recombination (21,44), or by telomerase (45),
remains to be studied. Interestingly, these ITS appeared on
one chromatid only, indicating that they were detrimental
and thus were not inherited or accumulated. The strong
negative selection against incorporating ITS could lead to
adaptation over time in culture to suppress ITS insertion
and decrease their abundance, as observed at the later PD
without RTEL1v2 (Figure 6C).
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Figure S. RTEL1-deficient PS5 fibroblasts showed increased genome-wide
and telomeric DNA damage. The rescued PS5 fibroblasts were grown for
10 PDs with Dox to express WT RTEL1v2 and then split and grown for
additional 30 PDs with or without Dox and tested for the formation of
DDR foci and their colocalization with telomeres. (A) Shown are images of
interphase nuclei (and enlargements for the ‘~Dox’) stained with DAPI and
immunostained for TRF2 (red) and y-H2AX (green). Violin plots show
the numbers of y-H2AX foci (B) and y-H2AX foci colocalizing with TRF2
(TIFs; C) in each nucleus. Data combines two independent experiments;
= 70 interphase nuclei per cell line in each experiment. **** Indicate P-
values <0.0001 by two-tailed Student’s ¢ test.

RTELI1 deficiency did not compromise the in vitro activity of
telomerase in cell extracts or its recruitment to telomeres

Since the ectopic expression of hTERT in the S2 and PS5 pa-
tient fibroblasts did not elongate telomeres, we asked if the
defect was in the activity of the telomerase catalytic core or
in its recruitment to telomeres, as found in other cases of
DC and HHS. We found previously that S2 LCL exhibited
normal levels of telomerase RNA (hTR) and telomerase in
vitro activity (23). To examine the in vitro telomerase activ-
ity in the rescued P5 and S2 fibroblasts we prepared whole
cell extracts and assayed them by a real-time PCR-based
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TRAP assay. We did not find any significant difference in
telomerase activity in the patient cells whether expressing
or silencing the ectopic RTEL1v2 (Figure 7A), indicating
that the RTEL1 mutation did not affect the assembly or in
vitro activity of the telomerase catalytic core.

Next, we examined the recruitment of telomerase to
telomeres by RNA-FISH for hTR, the RNA subunit of
telomerase, combined with DNA-FISH for telomeres. The
average numbers of hTR foci colocalizing with telomeres in
the rescued P5 fibroblasts did not significantly change upon
silencing the ectopic RTEL1v2 (Figure 7B,C), suggesting
that the recruitment of telomerase to the telomeres was not
affected by the V1294F mutation. Altogether, these results
indicated normal expression, assembly, catalytic core activ-
ity, trafficking and recruitment of telomerase to the telom-
eres in the RTEL1-deficient patient cells.

DISCUSSION

Mutations causing DC and HHS were found in genes en-
coding telomerase subunits or factors essential for its pro-
cessing, assembly, recruitment and action at the telomere,
suggesting that the common cause for these diseases is in-
sufficient telomerase action resulting in accelerated telom-
ere shortening (reviewed in (3,4)). However, the way by
which RTEL1 mutations cause HHS has been more puz-
zling since RTEL1 deficiency was reported to cause a broad
range of phenotypes, depending on cell type, differentiation
status, telomerase expression and the type and position of
the RTEL1 mutation (5-21). While in mice, mRtell was dis-
covered as a regulator of telomere elongation and suggested
to facilitate telomere extension by telomerase; the mecha-
nism involved is yet unknown (10,11). On the other hand,
several publications proposed detailed mechanistic roles for
RTELI, genome wide and at telomeres, such as the reso-
lution of G-quadruplexes to allow replication progression,
the resolution of reversed replication forks and replication
restart, and the resolution of t-loops (13-15,18,21). Dis-
rupting these roles caused replication defects, DDR acti-
vation, telomere fragility and the excision of t-circles, pre-
sumably resulting in genomic instability and random and
heterogeneous deletions at telomeres. Altogether, while m R-
tell knockout was suggested to cause telomere shortening in
mouse ES cells by hindering telomerase extension of telom-
eres, other observations in mouse and human cells sug-
gested that RTEL1 deficiency caused telomere shortening
by an active process of random telomere deletions. It re-
mained unclear how to reconcile the different observations
and how RTEL1 mutations cause telomere shortening and
a human disease.

To elucidate the main telomeric function of RTEL1 that
is affected in HHS, we used HHS patient cells carrying
point mutations, which were pre-selected by their severely
short telomeres and their typical HHS clinical symptoms.
Unlike RTEL1 knockout, which is lethal, carriers of point
mutations were born, albeit developing a fatal disease, and
we assumed that these mutations specifically affected the
telomeric function of RTELI. We used two fibroblast cell
lines derived from HHS patients: S2, carrying compound
heterozygous mutations in RTEL1, M4921 and R974X
(7) and PS5, carrying a homozygous missense mutation in
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Figure 6. Metaphase chromosomes of RTEL1-deficient P5 fibroblasts displayed increased telomere defects. (A) Metaphase nuclei of the rescued P5 fi-
broblasts were stained with DAPI and hybridized with a telomeric PNA probe. A representative metaphase is shown on the left and various telomere
aberrations are shown enlarged on the right: signal-free ends (i), telomere fragility (ii), telomere heterogeneity (iii), and interstitial telomere insertions (ITS;
iv). Histograms show the average per metaphase for each type of aberration. (B) Early PD cells were grown for 10 PDs with Dox (+ Dox) and then for 5
PDs without Dox (— Dox). (C) Late PD cells were grown for 32 PDs with Dox (+ Dox) or 10 PDs with Dox and then 22 PDs without Dox (— Dox). Data
are representative of two independent experiments for each early and late PD (mean + SD; n = 50 metaphases). P-values were calculated by two-tailed

Student’s ¢ test.

the C-terminus, V1294F (20). Both primary S2 and SV40-
transformed PS5 fibroblasts grew poorly in culture and dis-
played progressive telomere shortening and the accumula-
tion of genome-wide and telomeric DNA damage (20,23).
The ectopic expression of h\TERT and TPP1 (but not POT1)
in primary S2 fibroblasts (performed before the RTEL1 mu-
tations were discovered) suppressed their growth defects
and enabled them to proliferate for at least 77 PDs, even
though average telomere length gradually decreased (Fig-
ure 1). This partial suppression of the RTEL1-deficiency
phenotype suggested a functional link between the com-
promised function of RTEL1 and TPP1, which functions
in telomerase recruitment, activation and telomere length
regulation (35,36). In retrospect, we used a TPP1 isoform
(TPP1-L) that is rarely expressed in somatic cells and is
compromised in telomere elongation but not in telomerase
recruitment (37). Whether the ectopic TPP1-L rescued the
cells by increasing the overall amount of TPP1 or by provid-
ing a gained function not present in primary cells express-
ing TPP1-S, is yet to be explored. While primary S2 cells
are not available anymore, we believe that ectopic expres-
sion of hTERT together with RTEL1 could have rescued
them without TPPI, as it rescued the P5 cells.

We established a tunable (TET-on) expression system for
WT RTELI in these two patient cell lines. Low-level expres-
sion of a 1300aa-long splice variant of RTEL1 (RTEL1v2)
rapidly elongated the telomeres (Figures 2 and 3), confirm-
ing the causal role of the RTEL1 mutations in telomere
shortening and the disease. A shorter 1219aa-long variant
(RTELI1v1) failed to facilitate telomere elongation, indicat-
ing that the C-terminal 81 aa includes an essential element
for the telomeric function of RTELI, consistent with the
presence of the HHS-causing V1294F mutation in this C-
terminal part of RTEL1v2. Importantly, after rescuing the
cells and elongating their telomeres, silencing RTEL1 by
omitting Dox from the media caused very slow telomere
shortening but did not affect cell growth, indicating that the
immediate effects of these RTEL1 mutations are not detri-
mental, and it is the gradual telomere shortening that causes
a progressive disease, likewise other cases of DC and HHS.

We did not see any reduction in the catalytic core telom-
erase activity in cell extracts prepared from patient cells
((23) and Figure 7A). In addition, the co-localization of
telomerase with telomeres was comparable in the presence
or absence of ectopic RTEL1v2 (Figure 7B, C), suggesting
that although active telomerase had been recruited to the
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Figure 7. In vitro telomerase activity and recruitment to the telomeres were not compromised in the RTEL1-deficient fibroblasts. (A) Polyacrylamide gel
electrophoresis of qPCR-TRAP products using 100ng protein extracts from the rescued P5 and S2 cells grown for 10 or 60 PDs with or without Dox. A P5
sample was heat inactivated as a control (indicated by h.i. below the lane). (B) The rescued PS5 fibroblasts were grown for 10 PDs with Dox to express WT
RTELI1v2 (+ Dox) and then split and grown for additional 32 PDs with (+ Dox) or without Dox to silence it (— Dox), and tested by DNA-RNA FISH for
telomeres and telomerase RNA (hTR). Representative FISH images of whole nuclei and enlarged telomeres and telomerase foci are shown. (C) Histogram
showing the average number of colocalizing hTR and telomere foci per nucleus. Data are representative of two independent experiments (mean + SD; n =
50 interphase nuclei). Two-tailed Student’s 7 test shows no significant difference (ns; P-value = 0.539) in the abundance of colocalizing foci between cells

expressing and not expressing RTEL1v2.

telomeres it was unable to elongate the telomeric 3’ end.
In addition to the short telomeres, short telomeric over-
hangs were reported in RTEL1-deficient cells (7,16,23,40).
We employed the rescued patient cells to investigate if the
short overhangs were generated immediately upon silenc-
ing of WT RTEL1v2, or as a secondary effect of the overall
telomere shortening or the increased genotoxic stress. The
telomeric overhang of the rescued P5 fibroblasts diminished
within 10 PDs of omitting Dox from the media and before
any significant effect on telomere length was apparent (Fig-
ure 3 and Supplementary Figure S2). Since the telomeric 3’
overhang is the substrate for telomerase, diminished over-
hang may hinder it inaccessible and compromise the ability
of telomerase to elongate it. In addition, the 3’ overhang is
required for invading a more proximal part of the telomere
and base pairing with the C-rich strand to form the protec-
tive t-loop structure. Thus, diminished overhang could also
result in reduced stability of the t-loops and consequently
impaired telomere protection. However, the low frequency
of TIF formation (Figure 5) and the lack of significant in-
crease in telomere-telomere fusion upon silencing the ec-
topic RTELI (data not shown) indicated that the telomeres
were mostly protected from DNA damage response and re-
pair, arguing against immediate telomere deprotection and
suggesting that the higher frequency of TIFs observed in
primary cells (23) are due to critically-short telomeres. Al-
together, these findings suggest that RTELI1 is involved in
the maintenance of the telomeric 3’ overhang, which is re-
quired for telomere elongation by telomerase.

Using C-circle and T-circle assays (Figure 4 and Supple-
mentary Figure S3D), we did not detect any increase in t-
circles formation in the rescued P5 after RTEL1v2 silencing,
excluding the possibility that rapid telomere deletion by t-
loop excision is the cause for telomere shortening in these
cells. In the rescued S2 cells, however, we observed the ac-
cumulation of t-circles over time in culture. While we cannot
exclude the possibility that t-loop excision in the form of t-
circle contributes to telomere shortening in these S2 fibrob-
lasts, the increase in the levels of t-circles after prolonged
growth to PD60 suggests that this is a manifestation of a
gradual decrease in telomere stability and function, rather
than the direct consequence of RTEL1-deficiency. Further-
more, we have previously examined t-circle formation by 2D
gelsin LCL derived from the same S2 patient (7). While nor-
mal LCLs, expressing endogenous levels of telomerase, gen-
erated t-circles (Supplementary Figure S3), in the S2 LCL
they were dramatically reduced, as compared with a healthy
sibling (Figure 2E in (7)). Additionally, transducing WT
LCL and telomerase-positive fibroblasts with lentivectors
expressing WT or mutant RTEL1v2 showed that only the
WT RTELI1v2 caused an increase in t-circles but not the
mutants (Figure 5B and Supplementary Figure S5B in (7)).
Altogether these observations are consistent with the notion
that t-circle formation can occur in telomerase-positive cells
as a form of telomere trimming, or if telomere protection
is compromised, but normally telomerase can balance such
telomere trimming and maintain stable telomere length, as
described previously (41). Furthermore, telomere deletions,
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whether caused by t-loop excision or by replication fork
collapse and breakage, are expected to activate DDR at
telomeres and form TIFs (43). While we observed increased
telomere fragility and heterogeneity by FISH upon silenc-
ing the ectopic RTEL1v2 in the rescued PS5 fibroblasts (Fig-
ure 6), they did not accumulate during cell division and
the cells proliferated normally. Genome-wide DNA dam-
age was abundant 30 PDs after silencing WT RTEL1v2,
but most of the foci did not localize to telomeres (Figure
5), consistent with the proposed role of RTELI in genome-
wide replication. Telomeric DDR foci (T1Fs) also increased
upon induction of RTEL1-deficiency, but most of the cells
did not show TIFs and only 7% of the cells displayed 5<
TIFs, confirming that telomere deletion is not the major
cause for telomere shortening in the disease.

Altogether, using the inducible expression of WT
RTELI1v2 in fibroblasts derived from HHS patients carry-
ing germline mutations in RTELI, we were able to study
the telomeric function of RTEL1, which is impaired in the
disease, and particularly to distinguish the immediate re-
sponse to RTEL1-deficiency from the accumulating dam-
age or secondary effects of the mutations. While the inves-
tigated patient cells also show genome-wide damage, this
damage is apparently tolerable when telomeres are suffi-
ciently long and in itself does not cause a significant cell
growth defects. Dyskerin, PARN and TCAB1/WRAP538
are involved in various pathways other than telomerase ac-
tion, such as rRNA modification and biogenesis, mRNA
stability, DDR and scaRNAs trafficking to the Cajal bodies
(46-48). In the context of TBD, however, point mutations
in these genes are all associated with the common pheno-
type of reduced telomerase action. We propose that RTEL1
mutations cause HHS by the same common etiology. While
they do not affect the biosynthesis, assembly, localization
or catalytic activity of telomerase RNP complexes, they re-
duce the availability of the telomeric 3’ end to elongation
by telomerase, resulting in gradual telomere shortening that
eventually activates DDR and leads to cell cycle arrest and
loss of cell function.
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